More than 50 y of research have provided great insight into the physiology, metabolism, and molecular biology of Salmonella enterica serovar Typhimurium (S. Typhimurium), but important gaps in our knowledge remain. It is clear that a precise choreography of gene expression is required for Salmonella infection, but basic genetic information such as the global locations of transcription start sites (TSSs) has been lacking. We combined three RNAsequencing techniques and two sequencing platforms to generate a robust picture of transcription in S. Typhimurium. Differential RNA sequencing identified 1,873 TSSs on the chromosome of S. Typhimurium SL1344 and 13% of these TSSs initiated antisense transcripts. Unique findings include the TSSs of the virulence regulators phoP, slyA, and invF. Chromatin immunoprecipitation revealed that RNA polymerase was bound to 70% of the TSSs, and two-thirds of these TSSs were associated with σ 70 (including phoP, slyA, and invF) from which we identified the −10 and −35 motifs of σ 70 -dependent S. Typhimurium gene promoters. Overall, we corrected the location of important genes and discovered 18 times more promoters than identified previously. S. Typhimurium expresses 140 small regulatory RNAs (sRNAs) at early stationary phase, including 60 newly identified sRNAs. Almost half of the experimentally verified sRNAs were found to be unique to the Salmonella genus, and <20% were found throughout the Enterobacteriaceae. This description of the transcriptional map of SL1344 advances our understanding of S. Typhimurium, arguably the most important bacterial infection model. transcriptional mapping | noncoding RNA | posttranscriptional regulation | pathogenicity | genome sequence
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After ingestion by a mammalian host, S. Typhimurium progresses through the diverse environments of the gastrointestinal tract and subsequently crosses the intestinal epithelial barrier. Its ability to persist within macrophages as well as the gall bladder makes it a formidable pathogen that causes both acute and chronic infections (8) . The ease of genetic manipulation coupled with a detailed understanding of core metabolism has made S. Typhimurium the preeminent model for studying host-pathogen interactions and intracellular survival (9) . Unfortunately, reliance upon an Escherichia coli archetype and the paucity of wellannotated genome sequences of virulent S. Typhimurium strains have limited the analysis of regulatory functions in relation to S. Typhimurium infection. The majority of gene regulatory studies have focused on the Salmonella pathogenicity islands (SPI)1 and SPI2, but it has become clear from transcriptomic analyses that additional global changes in metabolic and physiological processes are required for adaptation to host environments (10) . To gain insight into host-pathogen interactions we must characterize the genetic regulatory programs that allow S. Typhimurium to cause infection. Despite a decade of intensive research and the beginning of systems-level analysis (11), we still have many unanswered questions about the global transcriptional networks of S. Typhimurium. For example, where are gene promoters located? Is antisense transcription widespread? What is the complement of small regulatory RNAs expressed by S. Typhimurium? To answer these questions, we defined the global transcriptional map of the virulent S. Typhimurium strain SL1344.
Until recently, transcriptomic analysis of S. Typhimurium has relied upon DNA microarray-based technology (12) . Now, RNA sequencing (RNA-seq) has become the ideal technique for visualizing transcription at the genomic level (13) (14) (15) . As well as allowing comparative gene expression, RNA-seq can also identify novel transcripts at the single-nucleotide level. Individual −10 and −35 promoter motifs can be found by characterizing the first nucleotide of a transcript, termed the transcriptional start site (TSS). Recently, a novel differential RNA-sequencing (dRNAseq) approach was developed to discover TSSs at a genome-wide scale (16) . It uses the 5′-monophosphate-dependent terminator exonuclease (TEX) that specifically degrades 5′-monophosphorylated RNA species such as processed RNA including mature rRNA and tRNA, whereas 5′-triphosphorylated RNA species (primary transcripts) are protected and remain intact. This approach results in an enrichment of primary transcripts, allowing the TSSs to be identified by comparison of the TEX-treated with untreated libraries.
We used a combination of chromatin immunoprecipitation coupled with microarray hybridization (ChIP-chip), RNA-seq, dRNA-seq, and Hfq coimmunoprecipitation coupled with RNAseq (Hfq-coIP-seq) to generate a robust and comprehensive picture of the transcriptional organization of the genome of S. enterica. Key insights include the identification of the 832 σ 70 -associated promoters in S. Typhimurium, as well as the discovery of 60 small RNAs.
Results and Discussion
The SL1344 Genome. S. Typhimurium strain SL1344 has played an important role in the analysis of Salmonella infection, starting with its use as a virulent Salmonella strain for vaccine research. The ancestral strain ST4/74 was originally isolated from the bowel of a calf with Salmonellosis (17) and used by Bruce Stocker to generate a histidine auxotroph named SL1344 (18) .
Here, we report the complete and annotated genome sequence of S. Typhimurium SL1344 (Fig. S1A and Dataset S1). SL1344 shares a similar GC ratio with other S. enterica serovars, 52.3%, which is significantly higher than that of other enteric species like E. coli (19) . The SL1344 genome contains 4,742 protein-coding genes (Dataset S1). A total of 4,530 of these genes are present on the chromosome, and 212 genes are encoded by three plasmids, pSLT SL1344 , pCol1B9
SL1344
(also known as p2), and pRSF1010
. The plasmid pCol1B9 SL1344 is responsible for horizontal gene transfer via conjugation to E. coli during infection of the murine gut (20) . The relatively high proportion of regulatory and metabolic genes in S. Typhimurium contributes to the physiological versatility of this robust pathogen (Dataset S1) (21) .
Comparative Genomics of SL1344. To put the gene content of SL1344 into a broader context, we performed an iterative BLAST analysis against 31 sequenced enterobacterial genomes. The annotation of the resulting BLAST Atlas shows the 13 SPIs and five prophages present in the SL1344 genome and their conservation within the chromosomes of six S. Typhimurium strains and 13 other Salmonella serovars (Fig. S1B ). The 13 SPI regions are absent from E. coli K12, from three other E. coli pathovars, and from four more disparate members of the Enterobacteriaceae (Shigella, Pectobacterium, Yersinia, and Serratia).
The first S. Typhimurium genome sequence was published in 2001 for the attenuated type strain, LT2 (22) . The attenuation of strain LT2 is largely due to suboptimal translation of the RpoS (σ 38 ) sigma factor (23) . The SL1344 genome sequence confirmed that the rpoS coding sequence of SL1344 begins with an optimal ATG translational start at location 3,088,055. Comparison of the LT2 and SL1344 genome sequences identified 260 genes that are not present in LT2. The largest difference in gene complement is explained by the absence of the plasmids pCol1B9 SL1344 and pRSF1010 SL1344 and the phages Gifsy-2 and Fels-2 from LT2 and several other S. Typhimurium strains (Fig. S1B) .
Identification of Transcriptional Start Sites Under Infection-Relevant
Conditions. A promoter is defined as a DNA sequence that binds RNA polymerase (RNAP) to initiate the transcription of RNA. To understand the transcriptional control of S. Typhimurium virulence genes that are required for infection we must determine the precise location of promoter regions. This process will allow transcriptional regulatory networks to be assembled and allow the DNA-binding motifs of different transcription factors to be identified. Promoter identification was previously done "one gene at a time," and up to now promoters have been assigned to only 2% of S. Typhimurium genes (Dataset S2).
We used RNA-seq-based approaches to globally define the TSSs of S. Typhimurium grown to early stationary phase (ESP) ( Fig. 1 and Dataset S2). ESP is an infection-relevant growth condition associated with high levels of expression of the SPI1 virulence genes that are responsible for invasion of epithelial cells (24) . To ensure that the identified TSSs were robust and reproducible, we used five biological replicates of RNA-seq (including three dRNA-seq replicates) and a combination of 454 and Illumina-based sequence platforms (Figs. 1 and 2A) . The identification of small regulatory RNAs was aided by the enrichment of one of the RNA samples for small RNA fragments (<500 nt). We complemented the standard RNA-seq protocol by using the flow cell reverse transcription sequencing (FRT-seq) approach; this method involved the synthesis of cDNA on the sequencing flow cell to improve cDNA library representation (25) . The dRNA-seq technique identified examples of processed transcripts, such as the small RNAs ArcZ and RprA, and succeeded in precisely localizing the TSS to a single nucleotide (26, 27) . Two FRT-seq sequencing reactions were conducted on one of the biological replicates, one of which was depleted for rRNA ( Fig. 1A) (25) . The sequencing statistics and the number of biological replicates are shown in Fig. 1B and Dataset S1. We mapped >12 million sequence reads uniquely to the S. Typhimurium SL1344 genome, amounting to 120-fold coverage. A total of ∼3.5 million (23%) of all sequenced reads mapped to the annotated coding sequences (CDS), whereas just ∼200,000 reads (1.75%) mapped antisense to CDS.
The dRNA-seq data often confirmed the TSSs that were already clearly apparent from RNA-seq and FRT-seq, as seen for the hns gene ( Fig. 2A) . When the location of the start of transcripts was not clear from RNA-seq and FRT-seq, the dRNA-seq became more important. A conservative approach was used to identify the precise nucleotide used for transcriptional initiation: The same "+1" nucleotide of each TSS was identified in at least two biological replicates using dRNA-seq. A total of 1,873 TSSs were classified into eight promoter categories (16) (Fig. 2 B and  C) . We assigned primary starts to 1,130 protein-coding genes of S. Typhimurium and 87 transcriptional starts were assigned to known or newly identified small RNAs (see below). We observed 206 TSSs for transcripts located antisense to ORFs and 172 internal starts, highlighting the complexity of transcription and gene expression in Salmonella.
Validation of S. Typhimurium TSSs. The dRNA-seq approach has already been validated in Helicobacter, Synechocystis, and other organisms (16, (28) (29) (30) (31) , but not in S. Typhimurium. It was important to put our global TSS approach into the context of the wealth of the Salmonella literature. We found publications that described the TSSs of 57 genes. Fig. S2 and Dataset S2 show the overlap between 37 of the published transcriptional start sites that are present within our dRNA-seq dataset. Thirty-one of 37 transcriptional starts lie within ± 2nt of the published start, with 15 starts matching exactly.
To corroborate our approach, we performed a series of 5′-RACE experiments that unambiguously identified TSSs for 10 genes, namely invF, hilD, ompA, osmC, phoP, prgH, slyA, sodB, yfgE, and yibP (Fig. S2) . The 5′-RACE data were in complete agreement with the TSSs, confirming that the 1,873 TSSs represent a robust database that describes the transcription of S. Typhimurium genes at ESP. The distribution of mapped reads to different genome locations (IGR, intergenic region). Names of the 11 sequence datasets are defined in Dataset S1. The three libraries marked with TEX were treated with terminator exonuclease (TEX) to enrich the cDNA libraries for primary transcripts that carried a 5′ triphosphate (dRNA-seq). The suffix numbers link the "RNA-seq" (TEX-untreated) libraries with the appropriate TEX--enriched libraries. The RNA-seq* library sample was enriched for small RNA species (mirVana) before cDNA library generation. The FRT-seq_dep sample was depleted of rRNA, and both FRT-seq and FRT-seq_dep were done with RNA from the same biological replicate (Materials and Methods). (C) The workflow that uses the dRNA-seq, RNA-seq, and ChIP-chip data to identify small RNAs, TSSs, promoters, and transcribed regions throughout the chromosome of S. Typhimurium SL1344 (Rif, rifampicin; RNAP, RNA polymerase; TSS, transcriptional start site).
Reannotation of the SL1344 Genome Sequence. The availability of experimental evidence describing the location of TSSs of S. Typhimurium led us to examine whether our data could be used to improve the accuracy of SL1344 CDS annotation. We found five examples of TSSs that lay downstream of predicted translational start sites, suggesting that an incorrect translational start had been annotated for cysJ, infC, himA, pps, and prfB. In addition, 17 small ORFs (sORFs) that have been experimentally confirmed in E. coli were found to be conserved in S. Typhimurium and various other Gram-negative bacteria (32-37) ( Fig.  S3 and Dataset S1). Transcripts of 9 of these sORFs were visible in the RNA-seq data, showing that these coding sequences were expressed during ESP (Dataset S1). The locations of the sORFencoding genes and the genes with incorrect translational starts were reannotated on the SL1344 genome (Dataset S1).
Transcriptional Activity Across the SL1344 Chromosome. Bacterial promoters are regions of DNA that bind RNA polymerase holoenzyme (E) and drive transcript initiation. To confirm that the identified TSSs were indeed associated with bacterial promoters, we experimentally defined the transcriptionally active areas of the S. Typhimurium chromosome. RNAP is an abundant protein complex in bacterial cells, with measurements varying between 2,600 and 13,000 molecules per cell (38, 39) . We performed a ChIP-chip experiment with a monoclonal antibody that recognized the β-subunit of RNAP. A stringent approach was used to analyze the ChIP-chip data to identify the S. Typhimurium chromosomal regions that showed only reproducible binding of RNAP (Dataset S3). In total, 645 chromosomal regions showed dynamic binding of RNAP that extended across highly expressed operons such as those present in SPI1 (Fig. 3) .
The RNAP-binding regions covered 690,500 bp or 14% of the SL1344 chromosome. We found that 817 of the 1,873 (44%) TSSs were bound by RNAP (Fig. 4A ). To locate promoter regions with more precision, we pretreated the bacteria with rifampicin (Rif) before isolation of chromatin for ChIP-chip.
Rifampicin is an inhibitor of transcriptional elongation and so confines RNAP to promoter regions (40) . The resulting static map of RNAP showed 1,099 smaller binding regions that were largely located upstream of annotated genes (Dataset S3). More than 70% of the TSSs map to a RNAP+Rif binding region (1,318 of 1,873 TSSs, Fig. 3A ), significantly increasing the overlap of localization between RNAP and transcriptional start sites. E. coli transcripts are longer lived than RNAP-promoter complexes (41, 42) , which might explain the many TSS that do not show RNAP binding in ChIP datasets.
To define the relative importance of the σ 70 (RpoD) sigma factor in the initiation of transcription at ESP, we performed the dynamic RNAP ChIP experiment with an anti-σ 70 monoclonal antibody. This method identified 835 regions that were bound by σ 70 (Dataset S3). Of the 1,318 TSSs bound by RNAP at promoter sites, 832 (63%) TSSs were also associated with σ 70 , consistent with σ 70 being the major sigma factor of transcription initiation at early stationary phase in S. Typhimurium (Fig. 4B) . The fact that the ChIP-chip data show a strong overlap between the locations of bound RNAP and σ 70 suggests that the two proteins are predominantly associated as Eσ 70 holoenzyme. We note that σ 70 is present at higher levels than RNAP, with measurements of between 7,200 and 17,000 molecules per cell (38, 39) .
The SPI2 pathogenicity island of S. Typhimurium plays a critical role during the intracellular life of the pathogen. We identified primary and secondary TSSs for the ssrAB transcript that encodes the sensor kinase and response regulator that activate SPI2 transcription (Dataset S2). The ChIP-chip data showed that transcription of ssrAB is driven by σ 70 , consistent with a recent report that ssrAB expression is independent of σ 38 (43) . Apart from the ssaB promoter, no other TSSs were identified for the SPI2 secretion system and effector genes, perhaps due to the low level expression of SPI2 genes at the ESP growth condition. mentally defined by large-scale sequence comparisons. To test whether the S. Typhimurium σ 70 targets the same DNA sequence motifs as those of E. coli, we analyzed the primary TSSs of S. Typhimurium that were overlapped by both RNAP and σ 70 in the ChIP-chip datasets (n = 717). We used unbiased motif searching with the Meme and BioProspector algorithms (44, 45) to identify canonical σ 70 motifs upstream of the TSSs (Fig. 5A) . The same algorithms identified very similar σ 70 −10 and −35 motifs in the experimentally determined σ 70 -binding sites of E. coli (n = 857). S. Typhimurium has a stronger "extended" −10 motif, and this motif contains a G at position −3 within the −10 element. Such extended −10 sequences are common in σ 70 -driven promoters that lack or have a very weak consensus −35 sequence (46). Our finding is consistent with extended −10 elements playing a more significant role in S. Typhimurium promoter recognition than in E. coli.
Initiating Nucleotide of S. Typhimurium Transcription. The first nucleotide in a transcript acts as a ligand to catalyze open complex formation and transcription initiation by RNAP. Consequently, the availability of this nucleotide in cellular NTP pools directly regulates the rate of transcription initiation (47) . A well-characterized example of this regulation occurs at ribosomal RNA promoters that express the most abundant transcripts in the cell encoding the ribosomal translation machinery. Because RNA and protein synthesis are energetically very costly, the production of ribosomes is controlled to efficiently conserve cellular energy. rRNA genes initiate with either ATP or GTP, thus linking rRNA transcription directly to the availability of the primary energy-carrying molecules (ATP and GTP) (48) .
Of the 1,873 TSSs mapped in S. Typhimurium, the majority (84%) of transcripts initiate with a purine nucleotide (ATP = 50%, GTP = 34%) (Fig. 5B) , suggesting that transcription initiation is regulated by the levels of energy pools under these experimental conditions. Pools of pyrimidine nucleotides are less abundant in bacterial cells than purine nucleotides (49) . The preference for pyrimidine nucleotides at the −1 and +2 positions immediately flanking the TSSs could reflect a mechanism to reduce unintentional transcription initiation from these flanking positions.
5′-Untranslated Regions of S. Typhimurium. A 5′-untranslated region (5′-UTR) is defined as the transcribed nucleotides located between the transcriptional start and the translational start codon in a bacterial mRNA. Some 5′-UTR sequences are required for optimal translation and can also harbor regulatory elements such as riboswitches. Here, we show that the average length of the S. Typhimurium 5′-UTR is between 20 nt and 65 nt long, which is strikingly similar to the length of the 5′-UTR in Helicobacter pylori (16) , and might represent an optimal length for efficient translation (Fig. 5B) . We found 23 leaderless mRNAs and confirmed the TSSs of two of these candidates by 5′-RACE (yfgE and yibP) (Fig. S2 and Dataset S2). These leaderless mRNAs amount to 1.2% of the transcripts, and they all contain the AUG translational start codon that can also promote ribosome binding (50) .
Identification of 60 S. Typhimurium sRNAs. In recent years, it has become evident that small RNAs (sRNAs) are a ubiquitous class of regulatory elements carrying out important roles in posttranscriptional gene regulation and that many of these sRNAs act as regulators of multiple target genes (51) . Small RNAs have now been discovered in different bacteria using microarray or deep sequencing-based transcriptomic techniques, often combined with a coimmunoprecipitation of the RNA chaperone Hfq, computerbased prediction methods, or shotgun cloning of cDNA (24, (52) (53) (54) (55) (56) .
To reveal the sRNA complement of S. Typhimurium at ESP, we combined the RNA-seq and dRNA-seq analyses with our published Hfq-coIP-seq approach (55) . The identity of candidate sRNAs was assigned conservatively (Materials and Methods) and they were generally small (<500 nt) transcripts expressed from intergenic regions or antisense to characterized ORFs. Surprisingly, we found two small RNAs that were expressed from within an ORF, in the same strand as the coding sequence (STnc1290 and STnc1680, Dataset S1).
S. Typhimurium expressed 140 sRNAs at ESP (Dataset S1). These include 60 newly identified sRNAs, of which 29 were confirmed by Northern blot (Fig. 6 and Fig. S4) . A representative example, STnc1390, is shown in Fig. 6B . We discovered that the expression of 9 sRNAs was environmentally regulated, being differentially expressed throughout the growth phase and in conditions that induce the expression of SPI1 or SPI2. We determined that STnc1020 was maximally expressed at ESP during growth and STnc1080 was highly up-regulated under SPI2-inducing conditions (Fig. 6A ). In addition, some sRNAs (i.e., STnc1120) show multiple bands with varying prominence, suggesting condition-specific processing profiles (compare late stationary phase with SPI1-inducing conditions, Fig. 6A ). We anticipate that more sRNAs will be identified in other growth conditions. S. Typhimurium sRNA Conservation Between Enteric Bacteria. The sRNA complement of S. Typhimurium was used for an evolutionary overview of S. Typhimurium sRNAs within the Enterobacteriaceae. We used a bioinformatic approach to assess the conservation of the 113 S. Typhimurium sRNAs that have been experimentally verified, here and elsewhere (Dataset S1). Sequence identity is shown across the sequenced genomes of 29 enterobacterial strains (Fig. 7 and Fig. S5 ). The cluster analysis shows that the S. Typhimurium sRNAs comprise six distinct phylogenetic groups. We found 6 sRNAs that are S. Typhimurium specific, including IsrK (57). A further 8 sRNAs are conserved in the serovars Typhimurium, Paratyphi, Newport, Virchow, Saintpaul and Schwarzengrund, including the virulence regulator IsrJ (57) . The identification of a total of 48 sRNAs that are Salmonella specific raises the possibility that these sRNAs might play a role in infection and these sRNAs include the SPI1- encoded InvR (24) . More than 48% of the 93 sRNAs that are found across the Salmonella genomes are also conserved in three pathovars of E. coli and include many sRNAs that have previously been shown to be conserved between E. coli K12 and S. Typhimurium LT2 (58), including GcvB, OxyS, MicF, and ArcZ (27) . Finally, we identified a total of just 20 sRNAs that were conserved in all of the enterobacterial strains that were examined, such as RybB (59) . The 60 sRNAs that were discovered in this study showed a varied pattern of evolution, with 7 being confined to S. enterica subspecies I and others being Salmonella specific or conserved in both Salmonella and E. coli. Once the mRNA targets of S. Typhimurium have been identified, it will be interesting to compare the phylogenetic patterns of the targets and the sRNAs.
Minority of S. Typhimurium sRNAs Are Located Within Prophages and
Pathogenicity Islands. To put Fig. 7 into some evolutionary context, we examined the chromosomal location of the sRNAs. Twenty of the 113 sRNAs were located on pathogenicity islands or bacteriophages, as shown in Dataset S1. These include 10 sRNAs (InvR, IsrA, IsrB-1, IsrB-2, IsrC, IsrG, IsrI, IsrJ, IsrK, and IsrL) that were originally identified as island associated (24, 57) . The majority of the STnc sRNAs (7/10) were carried on the Gifsy-1, Gifsy-2, and SLP203 prophages. We identified 3 sRNAs that are associated with pathogenicity islands and conserved only within the Salmonella genus: STnc1220 is antisense to the SPI2 ssaK gene, and STnc150 and STnc520 are intergenic within SPI11.
Community Data Resources. To maximize the impact of the transcriptional map of S. Typhimurium, we have provided direct access to all of the data featured in this paper via an easily searchable online visual interface for the benefit of the broader microbiological community (www.imib-wuerzburg.de/research/ salmonella). The identities of orthologs of the 4,742 coding genes of SL1344 also present in the S. Typhimurium strains LT2, 14028, U.K.-1, and D23580 are shown in Dataset S1, to allow researchers to identify genes of interest in these important S. Typhimurium strains. The findings include the locations of all TSSs, all sRNAs, and the positions of reannotated genes and have been included in the genome annotation (Datasets S1 and S2).
Conclusion
The interaction of S. Typhimurium with mammalian cells has been used extensively to understand both bacterial virulence and host cell responses to bacterial infection (60) . However, the lack of a fundamental understanding of the structure and function of S. Typhimurium promoters has hampered the identification of the binding sites of key transcription factors involved in the regulation of bacterial virulence gene expression. The development of high-throughput sequencing techniques to interrogate large populations of RNA molecules has now allowed the visualization of the transcriptional map of the bacterial chromosome. We have defined the most basic element of gene expression in this system, the S. Typhimurium promoter. Unlike previous extrapolation from E. coli data, we have now identified the promoters that are controlled by the predominant σ 70 transcription factor. The identification of σ 70 -dependent and σ 70 -independent promoter sequences will now allow conserved DNA-binding sites to be characterized and will facilitate the global identification of transcriptional regulators of these genes.
Here, we present a valuable data resource that informs the regulation of the majority of S. Typhimurium genes and operons. Fig. 3B is an example of the value of this approach, showing TSSs that control important virulence genes present in SPI1. As well as the expected primary TSSs that promote expression of key operons, we also report internal transcriptional start sites that allow expression of individual virulence genes and identify a number of antisense transcripts. The dRNA-seq data revealed the TSSs of the SPI1 and SPI2 regulatory genes phoP, slyA, and invF, which were validated by 5′-RACE. The finding that the phoP and invF promoters were bound by both RpoD and RNAP describes the fundamental mechanism that controls the expression of these genes. It is anticipated that in the future many alternate TSSs will be identified at different stages of growth and during the process of infection of the mammalian host.
Significantly less antisense transcription was identified in Salmonella (1.5%) than observed in E. coli (20%) (61) . One of these antisense transcripts was complementary to the ssrA gene, which is the master regulator of SPI2. However, we note that the level of bacterial antisense transcription identified by RNA-seq can vary between 3% and 50% (62), raising the possibility that a proportion of antisense sequence reads could reflect the cDNA library preparation protocol used in different studies. Our approach relied upon the addition of a 5′-RNA linker before cDNA synthesis, an approach that was also used for the recent Helicobacter study that identified 27% antisense transcription (19) .
The discovery of sRNAs that are expressed at early stationary phase will permit the characterization of the transcriptional network controlled by sRNAs in S. Typhimurium. Nearly half of the experimentally verified sRNAs were uniquely found in the Salmonella genus and relatively few sRNAs were conserved throughout the Enterobacteriaceae. This pattern of sRNA conservation may have significance for the development of transcriptional regulation during evolution. It will be interesting to Fig. 7 . Conservation of S. Typhimurium sRNAs within enteric bacteria. Heat map shows the conservation of S. Typhimurium SL1344 sRNAs in 29 genome sequences of bacteria belonging to the family Enterobacteriaceae. Homology was identified with Exonerate software (Materials and Methods). Columns and rows represent sRNAs and bacterial genomes, respectively. In the heat map, red indicates the highest homology as 95-100% identity, and pink shows 85-95% identity. The three blue colors indicate between 85% and 55% identity, and white shows <55% sequence identity. Colored bars at the bottom indicate six phylogenetic groups of S. Typhimurium sRNAs: black (conserved in Typhimurium), gray (conserved in Typhimurium, Paratyphi, Newport, Virchow, Saintpaul and Schwarzengrund), blue (conserved in all Salmonella enterica subspecies 1 serovars), yellow (conserved in all S. enterica subspecies 1 serovars plus Salmonella arizonae and Salmonella bongori), orange (conserved in all Salmonella and E. coli strains), and green (conserved throughout enteric bacteria).
determine whether the mRNA targets of some of the six phylogenetic groups of sRNAs have been horizontally acquired or are members of the core S. Typhimurium genome.
We anticipate that in the future the detailed understanding of the global impact of important transcription factors, coupled with the mapping of promoters under additional infection-relevant growth conditions, will herald a new era for research on the regulation of gene expression during infection by S. Typhimurium.
Materials and Methods
Bacterial Strains and Growth Conditions. Bacterial strain S. enterica serovar Typhimurium SL1344 and its parental strain ST4/74 were used throughout the study (18, 63) . Nucleotide differences that differentiate these two strains (eight SNPs) are shown in Dataset 1. Liquid growth medium was Lennox (L) (10 g/L Bacto tryptone, 5 g/L Bacto yeast extract, 5 g/L NaCl) or Luria broth (LB) (10 g/L Bacto tryptone, 5 g/L Bacto yeast extract, 10 g/L NaCl) or SPI2-inducing phosphate carbon nitrogen (PCN) medium (pH 5.8, 0.4 mM P i ) (64) . All cultures were incubated in 25 mL media in 250-mL flasks at 37°C and 220 rpm, unless stated otherwise. Samples taken from different conditions were described earlier in detail (55) .
Oligonucleotides used in this study are listed in Table S1 , and information on S. Typhimurium genome sequence, RNA isolation, cDNA library construction, RNA-seq, dRNA-seq, RNA-seq data analysis, sRNA identification, Northern blot analysis, 5′-RACE, ChIP-chip, identification of consensus motifs, and determination of sRNA conservation is provided in SI Materials and Methods.
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SI Materials and Methods
Salmonella Typhimurium SL1344 Genome Sequence. S. Typhimurium genomic DNA was fragmented by sonication, and several libraries were generated in pUC18 using size fractions ranging from 1.0 to 2.5 kb. The whole genome was sequenced to a depth of 9× coverage from M13mp18 (insert size 1.4-2 kb) and pUC18 (insert size 2.2-4.2 kb) small insert libraries, using dye terminator chemistry on ABI3700 automated sequencers. End sequences from larger insert plasmid (pBACe3.6, 12-30 kb insert size) libraries were used as a scaffold. The sequence was assembled, finished, and annotated as described previously (1) . The finished and chromosome and plasmid sequences have been submitted to the European Molecular Biology Laboratory (accessions FQ312003, HE654724, HE654725, and HE654726).
Isolation of Total RNA from S. Typhimurium. Total RNA from S. Typhimurium SL1344 and ST4/74 was isolated from cells grown aerobically until early stationary phase (ESP) (OD 600 = 2.0) in Lennox (L)-broth, using hot phenol or TRIzol. The RNA of the multiple growth stages was isolated using the hot phenol method (2), as described earlier (3) . Four ODs of Salmonella cells were harvested, mixed with 2/5 vol of the cell suspension of ice-cold "stop solution" [19% ethanol, 1% acidic phenol (pH 4.3)], and incubated on ice for 30 min to prevent RNA degradation (4) . The cells were then pelleted by centrifugation for 10 min (3,220 × g, 4°C). The major part of the supernatant was discarded, and the cell pellet was resuspended in the remaining liquid and transferred into a 1.5-mL Eppendorf cap. Subsequently, the cell suspension was centrifuged for 1 min at 20,000 × g and 4°C and the supernatant was discarded. The cell pellet was resuspended in 1 mL TRIzol and transferred into a 2-mL heavy phase-lock tube, and 400 μL chloroform was added and immediately mixed for 10 s. After incubation for 2 min at room temperature, the suspension was centrifuged for 15 min at 20,000 × g. The upper phase containing the RNA (∼500 μL) was then transferred into a 1.5-mL Eppendorf cap, 450 μL isopropanol was added, and the suspension was mixed by inverting and then incubated at room temperature for 30 min. The precipitated RNA was pelleted by centrifugation for 30 min at 20,000 × g and the supernatant was discarded. The pellet was then washed in 350 μL ethanol (70 %) and the suspension was again centrifuged for 10 min at 20,000 × g. The supernatant was discarded, and the pellet was air-dried, resuspended in RNase-free water by shaking (900 rpm) for 5 min in a heat block (65°C), and then stored at −80°C until further use. The RNA quality was analyzed using an Agilent Bioanalyzer 2100. RNA concentrations were measured using the nanodrop or the Qubit fluorometer (Invitrogen) according to the manufacturer's manual.
cDNA Library Construction and Sequencing. Total RNA from two biological replicates was isolated from ESP as described above and digested with DNase. The 454 pyrosequencing was done as described previously (5) . Flow cell reverse transcription sequencing (FRT-seq) cDNA libraries were generated from 250 ng of total RNA as in Mamanova et al. (6) . All procedures including library preparation, on-flowcell reverse transcription, and clustering were as detailed in the protocol in ref. 6 with the exception of the final library purification step. The dual adapter ligated material was resolved in denaturing acrylamide gels and eluted from gel slices corresponding to 150-350 nt in size. Sequencing was carried out on the GAIIx platform, utilizing a v2 Paired End Cluster kit and two v3 SBS-36 cycle kits (Illumina). cDNA library construction and sequencing was performed by Vertis Biotechnologie AG. In brief, total RNA from two biological replicates was isolated from S. Typhimurium strain SL1344 or ST4/74 grown until ESP as described above, digested with DNase I, and enriched for small RNA molecules (<500 nt) using the mirVana kit (Ambion). One of these samples was additionally treated with the 5′-monophosphate-dependent terminator exonuclease to degrade 5′-monophosporylated RNA. Subsequently, the 3′ ends were subjected to poly(A)-tailing using poly(A) polymerase, pyrophosphate groups were removed from the 5′ terminus using tobacco acid pyrophosphatase (TAP), and an RNA adapter was ligated to the 5′ end of the RNA. First-strand synthesis was performed using an oligo(dT) adapter and M-MLV-RNaseH-reverse transcriptase, following PCR amplification of cDNA using high-fidelity DNA polymerase to ∼20-30 ng/μL. The cDNAs were purified using the Agencourt AMPure XP kit (Beckman Coulter Genomics) and analyzed by capillary electrophoresis.
Mapping of RNA Sequencing (RNA-Seq) Libraries. Mapping of reads to the reference genome was carried out by the software tool segemehl (7) with accuracy set to 100%. To increase coverage, mismatched nucleotides at the lower-quality 3′ end were removed from the reads. The mapping statistics for all libraries are shown in Dataset S1. Uniquely mapped reads (i.e., reads that mapped to a single genomic location) were used for further analysis. The mapped reads were formatted into graph files for visualization in the Integrated Genome Browser (IGB) (8) .
Identification of Transcriptional Start Sites. Transcriptional start sites were assigned manually, using the IGB (8) . The first criterion for annotating a transcriptional start included enrichment in the TEX+ over the TEX− library, as described earlier (9) . In the case of no enrichment, a transcriptional start was assigned if at least three biological replicates agreed on a nucleotide position and if the location was plausible in relation to an adjacent ORF. The start sites were categorized into classes as described previously (9) .
Identification of Candidate sRNAs. New small RNA candidates were identified from RNA-seq and Hfq coimmunoprecipitation coupled with RNAseq (Hfq-coIP-seq) as short (usually <250 nt), stable transcripts, present in more than two biological replicates. Enrichment in Hfq-coIP-seq over the relevant control sample indicated association with Hfq.
Northern Blot Analysis. Northern blots using radioactively labeled probes were conducted as described earlier with primers listed in Table S1 (5) . Other Northern blots were done using the DIG Northern blot starter kit (Roche) according to the manufacturer's manual. Primers for in vitro transcription to generate DIG-labeled riboprobes are listed in Table S1 .
5′-RACE. 5′-RACE experiments were carried out as described before (10), using total RNA extracted from Salmonella grown in LB broth to an OD 600 of 2. Gene-specific amplification was achieved by PCR, using the linker-specific primer JVO-0367 in combination with JVO-1268 (ompA), JVO-7120 (phoP), JVO-7123 (prgH), JVO-7121 (osmC), JVO-9037 (hilD), JVO-0933 (sodB), JVO-8160 (yfgE), JVO-8158 (yibP), JVO-8157 (invF), and JVO-8153 (slyA) ( Table S1 ). Table S1 . Left (of each section) shows the Northern blot, and Right (of each section) shows the RNA-seq data visualized in the Integrated Genome Browser (IGB). The scaling for the RNA-seq data is as follows: For the samples TEX_1, RNA-seq_1, TEX_2, RNA_seq_2, FRT-seq, FRTseq_dep, Hfq-coIP, and coIP_control 0-10 mapped sequence reads are shown; for TEX_3, RNA-seq_3, and sRNA 0-100 mapped sequence reads are shown. Fig. S5 . Conservation of S. Typhimurium sRNAs within enteric bacteria. Heat map shows the conservation of S. Typhimurium SL1344 sRNAs in 29 genome sequences of bacteria belonging to the family Enterobacteriaceae (details in Fig. 7 of the main text).
